Introduction
The tumor suppressor p53 functions as a transcriptional activator for a variety of genes that are critically involved in cell cycle arrest and cell death. p53 also acts as a transcriptional repressor for several regulatory factors implicated in cell growth and tumorigenesis (Ko and Prives, 1996) . An important component of p53's tumor suppressor function may be as a transcriptional regulator. p53 can cause cell cycle arrest at the G1 and G2 checkpoints by increasing expression of p21 WAFI (elDeiry et al., 1993) or lead to cell death by inducing the expression of Bax (Miyashita and Reed, 1995) , PERP (Attardi et al., 2000) and Noxa (Oda et al., 2000) in response to DNA damage. A myriad of physiologic stresses leading to DNA damage have been shown to increase the stability and activity of p53 protein through post-translational modi®cations such as phosphorylation, acetylation and alteration in intracellular localization (Giaccia and Kastan, 1998) .
The loss of p53 as a result of gene mutation and deletion is commonly observed and has been extensively investigated in a wide spectrum of immortal and tumor cells (Levine et al., 1994) . HPV E6 oncoprotein has been shown to induce degradation of p53 by ubiquitin-dependent proteolysis (Schener et al., 1990) , and SV40 large T antigen was shown to cause the functional inactivation of p53 by inhibiting its transcriptional activity (Jiang et al., 1993) . A transcriptional target of p53, Mdm2 is known to inhibit transcriptional activity of p53 by directly binding to p53 and inducing ubiquitin-mediated p53 degradation (Haupt et al., 1997; Kubbutat et al., 1997) . Recent studies have demonstrated that p19 ARF prevents Mdm2-dependent p53 inactivation by sequestering Mdm2 in nucleolar structures or inhibiting Mdm2 ubiquitin ligase activity (Tao and Levine, 1999; Honda and Yasuda, 1999) .
Despite numerous studies on the regulatory mechanisms underlying the functional activation and inactivation of p53 at the translational and post-translational levels, relatively little is known about how p53 is regulated at the transcriptional and post-transcriptional levels. In the present study using immortalized chicken embryo ®broblasts, we demonstrate that p53 mRNA is downregulated post-transcriptionally by rapid mRNA destabilization rather than by transcriptional mechanisms.
Results and discussion
Recently a number of non-virally and non-chemically immortalized chicken embryo ®broblastic (CEF) cells have been established in continuous cell culture. The expression of p53 mRNA and p53 protein was downregulated in all immortal CEF cells tested compared to primary CEF cells (Figure 1a ; Kim et al., 2001b) . Loss of p53 transcriptional activity was also determined by reporter gene assays, DNA binding assays, and Northern blot analysis of the expression patterns of down-stream genes (Kim et al., 2001b) . The paucity of p53 mRNA in immortal CEF cells could result from either decreased de novo mRNA synthesis or increased mRNA destabilization rates, or both. To address these questions, we treated primary and immortal CEF cells with cycloheximide (CHX), a common protein synthesis inhibitor that has been shown to stabilize several mRNAs (Yeilding et al., 1998) . Previously, we have demonstrated that CHX treatment was found to restore p53 mRNA in immortalized (10)3 and (10)7 murine embryonic ®broblast (MEF) cells expressing constitutively low levels of p53 mRNA (Kim et al., 2001c) . In the presence of various amounts of CHX, p53 expression was restored in immortal CEF cells to levels found in primary CEF cells (Figure 1b) , and the increased p53 mRNA was detected within 2 h (data not shown). To further address if the p53 mRNA restoration in immortal CEF cells was mediated speci®cally through the inhibition of protein synthesis, we treated primary and immortal CEF cells with emetine (another inhibitor of protein synthesis). In the presence of emetine, *80% of p53 mRNA levels were restored in immortal CEF cells compared to primary CEF cells (data not shown). Together, these results suggest that protein synthesis inhibition per se could be implicated in the stabilization of p53 mRNA in immortal CEF cells.
We performed in vitro nuclear run-on assays to determine if the increased steady-state levels of p53 mRNA in immortal cells after CHX treatment were caused by increased de novo mRNA synthesis. The transcription rates of p53 mRNA were not changed in primary and immortal CEF cells grown in the presence or absence of CHX (Figure 2 ), suggesting that CHX per se did not aect p53 mRNA synthesis and that the decreased p53 mRNA levels observed in immortal CEF cells were not regulated at the transcriptional level.
The half-life of p53 mRNA in primary and immortal CEF cells was then examined using actinomycin D (ActD), a transcription inhibitor. To determine the exact destabilizing rates of p53 mRNA in immortal CEF cells, we ®rst treated primary (control) and immortal CEF cells with CHX for 4 h to increase p53 mRNA to levels observed in primary CEF cells. Following a CHX wash-out, primary and immortal CEF cells were allowed to grow in either normal growth medium or ActD treated medium for dierent times as indicated in Figure 3 . The expression levels of p53 mRNA were determined by semi-quantitative RT ± PCR ( Figure 3 ) and Northern blot analysis (data not shown). A relatively long half-life of 23 h was observed for p53 mRNA in primary CEF cells as treated with ActD (data not shown), and levels of p53 mRNA were unchanged in these primary cells when treated with or without ActD following CHX pretreatment ( Figure 3 ). However, p53 mRNA destabilized rapidly with a half-life of less than 3 h regardless of whether ActD was present or not in immortal CEF cells that had been pretreated with CHX ( Figure 3 ). Interestingly, p53 mRNA levels were stabilized in Figure 1 Stabilization of p53 mRNA in immortal CEF cells in response to protein systhesis inhibitors. (a), Steady-state levels of p53 mRNA were detected by hybridizing total RNA isolated from various primary and immortal CEF cells with a 32 P-labeled chicken-speci®c p53 cDNA fragment probe. The 28S ribosomal RNA (28S) was stained with methylene blue and used to monitor equal RNA loading. (b), Primary (BCEF and HCEF) and immortal (BCEFi and HCEFi) CEF cells were treated with increasing amounts of CHX (0, 20, 50 and 100 mg/ml) for 4 h. The expression levels of p53 mRNA in each cell type were determined by semi-quantitative RT ± PCR with chicken-speci®c p53 primers, and by Northern blot analysis. Chicken GAPDH mRNA levels were determined to monitor equal amounts of RNA used in RT ± PCR and Northern blot analysis Figure 2 In vitro transcription rates of p53 gene in primary and immortal CEF cells. To determine in vitro transcription rates of p53 mRNA, levels of de novo synthesized p53 mRNA were determined by nuclear run-on assays. Nuclei were isolated from primary (ev-0 and SPAFAS) and immortal (DF-1 and BCEFi) CEF cells grown in the absence or presence of CHX (50 mg/ml) for 4 h. Labeled RNA was hybridized with the full-length p53 cDNA slot-blotted onto a charged nylon membrane. The pBluscript SK plasmid vector (Stratagene) and chicken GAPDH DNA were used for negative and positive control, respectively. The p53/GAPDH ratio was analysed using the NIH image program. The relative synthesis rates of p53 mRNA were normalized against GAPDH mRNA and set to 1 for each primary (ev-0 and SPAFAS) and immortal (DF-1 and BCEFi) CEF cell treatment group Oncogene p53 mRNA destabilization in immortal CEF cells H Kim et al immortal CEF cells grown in the presence of ActD for 3 h (Figure 3 ). These observations suggest that the putative determinants for rapid destabilization of p53 mRNA might be regulated in a transcription-and translation-dependent manner in immortal CEF cells.
A plausible mechanism for rapid mRNA destabilization has been proposed for most short-lived mRNAs such as c-myc and c-fos that are regulated by polysome-associated decay or translation-coupled mRNA turnover (Herrick and Ross, 1994; Shyu et al., 1989; Grosset et al., 2000) . Since this destabilizing mechanism was shown to occur in the cytoplasm, it would be of interest to localize the destabilization of p53 mRNA in immortal CEF cells. To address this question, we ®rst separated total RNA from the nuclei and cytoplasm of primary and immortal CEF cells grown in the presence or absence of CHX, and determined the steady-state levels of p53 mRNA in each fraction. The expression of p53 mRNA was equally low in both the nuclear and cytoplasmic fractions of immortal CEF cells (in contrast to p53 mRNA levels in primary CEF cells), but was restored by CHX treatment (Figure 4 ), indicating that destabilization of p53 mRNA occurs in the nucleus of immortal CEF cells. This p53 mRNA destabilization in immortal CEF cells diers from the currently proposed mechanisms of destabilization such as polysome-associated mRNA decay or translationcoupled mRNA turnover that are known to occur in the cytoplasm (Herrick and Ross, 1994; Shyu et al., 1989; Grosset et al., 2000) .
It has been shown that various cis-acting RNA destabilizing elements such as AU-rich elements and protein-coding determinants are directly involved in the rapid destabilization of mRNA (Chen and Shyu, 1995; Ross, 1995) . We prepared 5'-, 3'-, and 5'/3'-deleted p53 cDNA expression plasmid constructs to localize possible cis-acting elements involved in the rapid destabilization of p53 mRNA ( Figure 5a ) and compared their expression levels in primary and immortal CEF cells (Figure 5b ). The expression of p53 mRNA from full length and 3'-deleted p53 cDNA expression plasmid constructs was barely detectable in immortal CEF cells (*ninefold lower than in primary cells), but completely restored by CHX treatment (Figure 5b ). However, expression patterns from 5'-and 5'/3'-deleted p53 cDNA constructs were equal in primary and immortal CEF cells (Figure 5b ), indicating that the putative cis-acting destabilizing elements of p53 mRNA are located with the 5'-region. Interestingly, the expression of p53 mRNA from the 5'-and 5'/ 3'-deleted p53 cDNA constructs, but not 3'-deleted p53 cDNA construct was found to increase *twofold in both primary and immortal CEF cells grown in the presence of CHX compared to non-CHX-treated cells (Figure 5b ). These results suggest that the 5'-region of p53 mRNA might function as an intrinsic destabilizing element regulating p53 mRNA turnover in primary CEF cells, and that the destabilizing activity for p53 mRNA might be accelerated in combination with the activated putative trans-acting elements found in Figure 4 Destabilization of p53 mRNA in the nuclei of immortal CEF cells. Total RNA from primary (ev-0 and SPAFAS) and immortal (DF-1 and BCEFi) CEF cells grown in the absence or presence of CHX was isolated from cytoplasmic and nuclear fractions, respectively. The steady-state levels of p53 mRNA in the nuclei and cytoplasm of primary and immortal CEF cells grown in the presence or absence of CHX were determined by semi-quantitative RT ± PCR analysis. Chicken GAPDH mRNA levels were determined to monitor equal RNA amounts used in RT ± PCR p53 mRNA destabilization in immortal CEF cells H Kim et al immortal CEF cells. Interestingly, we also have observed that the 5'-region of mouse p53 mRNA was associated with its rapid destabilization in immortal (10)3 and (10)7 MEF cells (data not shown). We are now trying to identify the possible transacting elements involved in the rapid destabilization of p53 mRNA in immortal CEF cells. To determine the importance of both cis-and transacting elements in the rapid destabilization of the p53 mRNA in immortal CEF cells, we examined the expression of fusion mRNA constructs in which the N-terminus of the p53 gene (1 ± 749 bp) was fused to the N-terminally deleted LacZ gene (1050 ± 3027 bp) (Figure 6a ). The expression of full length LacZ mRNA regulated by either CMV and the bovine growth hormone poly(A) tailing signal or CMV and the 3'-UTR of p53 mRNA was not changed independently of CHX treatment (Figure 6b ). However, expression of the N-terminal p53 gene/N-terminally deleted LacZ gene fusion mRNA was inhibited in immortal CEF cells, but restored to levels found in primary cells by CHX treatment (a relative increase of 11 ± 12-fold) (Figure 6b, c) . To further verify the N-terminus of p53 gene as a determinant of rapid mRNA destabilization, half-life analysis of the N-terminal p53 gene/Nterminally deleted LacZ gene fusion mRNA was performed. The turnover time of this fusion mRNA was found to be almost 1 h in immortal CEF cells, while in primary CEF cells *98% of this fusion mRNA remained for up to 8 h (Figure 7) . Together, these results demonstrate that the N-terminus of the p53 gene serves as a cis-acting determinant for mRNA destabilization, while trans-acting elements should be immortal CEF cell-speci®c.
The p53 protein has been divided into four structural and functional domains (amino terminus, core domain, tetramerization domain and carboxy terminus; Soussi and May, 1996) , and has been shown to be highly , 5'-region-deleted; p3.1-p53
75'/73' , 5'-region and 3'-UTR-deleted) were subcloned into the pcDNA3.1 expression plasmid. The CMV and poly(A) portions represent the cytomegalovirus promoter and bovine growth hormone poly(A) tailing signal, respectively. (b), The expression of four dierent stably transfected p53 cDNA fragments grown in the presence or absence of cycloheximide (CHX) was determined by semiquantitative RT ± PCR using a T7 primer (located in the transcripts expressed by CMV promoter in the pcDNA3.1 expression plasmid) and a p53-speci®c primer. The relative expression levels (REL) of each of the p53 cDNA constructs were obtained from three independent experiments and normalized to GAPDH mRNA levels. The expression levels of each of the p53 cDNA fragments in primary CEF cells grown in the absence of CHX were set to 10 without standard deviation , 1999) . In fact, the 5' region of the p53 mRNA that contains the 5'-untranslated region, amino terminus and part of the core domain was found to have low nucleotide similarities among the various species examined including human, mouse, and chicken (data not shown). Consistent with the 494 bp deletion construct of p53 (Figure 5 ), the 240 bp deletion construct of p53 was expressed in immortal CEF cells at levels comparable to their primary cell counterparts (data not shown). The sequence similarity of the deleted 240 bp p53 fragment was compared between mouse and chicken, and no obvious conserved motif similarities were found. However, several studies have documented that the 5' region of p53 mRNA was found to be folded into a stable secondary (doublestranded) structure in various species (Mosner et al., 1995 and D'Erchia et al., 1999) . Taken together, it is possible that the rapid destabilization of p53 mRNA in either the immortal CEF cells examined here in the present study or the (10)3 and (10)7 MEF cells examined previously (Kim et al., 2001c ) might have resulted due to the secondary structure in the 5' region of the mRNA rather than speci®c conserved nucleotide motif(s) responsible for mRNA destabilization.
In conclusion, although the regulation of p53 protein by post-translational modi®cations such as phosphorylation and acetylation should be a more ecient and rapid way to respond to DNA damage (Giaccia and Kastan, 1998) , the lack of biological activity of p53 by loss of functional protein due to either mutations or rapid mRNA destabilization seems to have similar consequences for cellular immortalization (Kim et al., 2001b) . Therefore, the novel mechanism leading to rapid destabilization of p53 mRNA should be further characterized to understand not only cellular immortalization but also mRNA destabilization and metabolism in the nucleus.
Materials and methods

Cell culture
Primary CEF cells [derived from ev-0 (endogenous virus-free) and SPAFAS (speci®c pathogen free avian supply)] and immortalized CEF cells (BoCEFi, DF-1, VCEFi, SkCEFi, BCEFi, and HCEFi) were maintained in 10% FBS-DMEM medium (Life Technologies). Immortal non-transformed CEF cells were morphologically smaller, rounder and were shown to proliferate more rapidly than their primary cell counterparts in 10% FBS-DMEM culture conditions (Kim et al., 2001a,b) . When cultures were grown to 80% con¯uency, the total cell number of each of the immortal CEF cells was shown to be 3 ± 4-fold higher than that of their primary cell counterparts.
Inhibition of translation and transcription
Primary and immortal CEF cells were incubated in 10% FBS-DMEM supplemented with either 5 mg/ml of actinomycin D (Sigma) or 50 mg/ml of cycloheximide (Sigma) for various time points. All reagents described above were added into fresh 10% FBS-DMEM medium at the appropriate concentrations, then used to refeed cultures.
RNA isolation and analysis
Total cellular RNA was isolated from all exponentially growing (approximately 80% con¯uent) primary and immortal CEF cells using TRIzol (Life Technologies). To prepare nuclear and cytoplasmic RNA, both fractions were separated as described in nuclear run-on assay (Madisen et al., 1998) , and total RNA was isolated using TRIzol. For Northern transfer, membranes were blotted with 20 mg of total RNA extracted from dierent primary and immortal CEF cells then hybridized with [a-32 P]dATP-labeled chicken p53 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA fragments derived by reverse transcription polymerase chain reaction (RT ± PCR). For semi-quantitative RT ± PCR, DNase I-treated RNA (3 mg) was converted to cDNA with Superscript II reverse transcriptase (Life Technologies) following the manufacturer's instructions. A portion (1/20 volume) of reverse transcription mixture was used to amplify each of the various DNA fragments using the following chicken-speci®c forward (F) and reverse (R) primers: [p53 (F5'-GTTACCACGACGACGAGCCACCAA-3', R5'-TGCAGCGCCTCATTGATCTCCTT-3'); GAPDH (F5'-TGCAGGTGCTGAGTATGTTGTGGA-3', R5'-CCA-CAACACGGTTGCTGTATCCAA-3'); LacZ (F5'-5'-ATCT-TCCTGAGGCCGATACTGTCGT-3', R5'-GCACATCTG-AACTTCAGCCTCCAGT-3')]. All cDNA fragments were ampli®ed using TaKaRa Ex Taq (Intergen) at 958C for 30 s, 658C for 45 s, and 728C for 30 s for 20 cycles where all PCR products were non-detectable by ethidium bromide staining, but subsequently veri®ed by hybridization to their corresponding cDNA probes.
Nuclear run-on assays
Nuclei isolated from primary and immortal CEF cells were used to label the de novo synthesized transcripts with [a-32 P]UTP as described previously (Madisen et al., 1998) . Nuclear run-on transcription rates were determined by the 7N fusion mRNA, primary (CEFl8) and immortal (BCEFi and DF-1) CEF cells were ®rst grown in the presence of CHX (50 mg/ml). After 4 h, the medium was removed and replaced with normal growth medium. The remaining p53 N +LacZ 7N fusion mRNA levels in primary and immortal CEF cells at the time-points indicated were determined by semiquantitative RT ± PCR using T7 primer and LacZ-speci®c primers and normalized to GAPDH mRNA levels. The mean values with standard deviation from three independent experiments were plotted as per cent of p53 , fusion mRNA of full length LacZ cDNA and 3'-UTR p53 gene). Primary and immortal CEF cells were transfected with the dierent sized p53 mRNA expression plasmid constructs and p53/LacZ fusion mRNA expression plasmid constructs using the standard calcium phosphate precipitation and glycerol shock method, then selected with antibiotics (hygromycin B; Sigma) for 7 days.
Abbreviations HPV, human papillomavirus; SV40, simian virus 40; CEF, chicken embryonic ®broblast; RT ± PCR, reverse transcriptase-PCR; ActD, actinomycin D; ev-0, endogenous virusfree; SPAFAS, speci®c pathogen free avian supply; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CHX, cycloheximide; CMV, cytomegalovirus
